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ABSTRA2TF

A reliability-prediction program was conducted by ARINC Researeh Corporation to
provide th. U.S. Army tlobility Equipment Re?.earch and Development Center with
quantitative reliability prediction.- of two manufacturers' organic Rankme-cyc!e engine
generator systems and a computer program for calculating the predictions. Historical failure
data were compiled, and a reliability-prediction mathem:ical mo)dei was deve!oped. A
computer program was developed, and reiiability predictions were made for the two systems
for a variety of missions and environments.
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FOREWORD

This report was prepared by ARINC Research Corporation for the U.S. Army MobilityEquipment Research and Development Center, Fort Belvoir, Virginia, under Contract
DA AKO1-70-D-4142. Its purpose is to provide a quantitative reliability assessment of enginegenerator sy.tems currently being developed by Fairchild tiller, Stratos Division and
Thermo E!ectron Corporation.



SU(JMM AR Y

INTRODUcTION

This r np• sf. oresnt the reults of a reliabliity-prediction pr:.)gram for closed org••ic
Rankine-cycle engmric- ,eeeratr sets. The prrmn was cnduc&l by ARINC Research
Comoration for the U.S. Army Mobility Et-prorent `,-rsewh e-)d Development Centw.
during the perioNul~y 1970 to Sept.ember 19S0.

The Rankine-cycle generator systems ,d two i-ian!'ýacturrs - Fairchild liiiler, S.'ab.
Division, and Thermo Electron Corporation - are ccnsidei•'• nr ibis report. Each i: a
self-contained integrally started power-generat-or -ytem capable af fi,'-,t hours' operation
on its own fuel supply.

RELIABILITY-PREDICTION MODEL

In preparation for developing the prediction model, parameters that, define the %'ysl:rns
were specified, together with the missions and environments. The reliability block diagraw s
and prediction equations (mathematical model) were formulated from system fu-cPi::,
schematics, drrawings, and diagrams.

FAILURE DATA

A number of failure-rate data sources were surveyed and the failure rates for similar
components listed. Operational factors required to adjust each failure rate to the
environmental modes and manufactuers" estimates were derived. A Failure Mode and
Effect Analysis (FMEA) was also performed.

COMPUTER PROGRAM

A computer program depicting the mathematical prediction mode! was prepazed. This
program canr be exercised for any basic series-constructed system over a wide range of time.
The output (reliability predictions) can be obtained for a variety of mission typet over four
operating environments. The program was made sufficiently flexible to allow system-
configuration changes, as well as failure-rate distrioutions other than the assumed constant
failure rate.

FLUIDIC-CONTROL APPLICATION

Tht- feasibility of utilizing fluidic control devices was investigated h:refly. The
advantager and disadvantages of such devices, their estimated reliability, and areas of
applic•t;on were evaluated.
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CHtAPTER ONE

INTRODUCTION

Under Contract DAAK01-70-D-4142 to the U.S. Army Mobility Equipment Command,
ARINC Research Corporation assessed the relative effectiveness of two organic Raikine-
cycle power plants under development for the Electrotechnology Laboratory at the U.S.
Army Mobility Equipment Research and Devilopment Center (USAMERDC),

The purpose of the asses.ment was to make quantitative reliability predictions for the
two candidate configurations and to provide USAMERDC with the basic tools for
performing future reliability analyses. A hypothetical system with idealized characteristics
was used to show the ultimate reliability of the Rankine-cycle power plant. The following
tasks were performed:

Review available information on the Rankine-cycle power plants and establish
baseline data
Identify a representative mission and define system failure

Perform a Failure Mode and Effect Analysis

Develop a reliability-prediction model at the major-component level sufficiently
flexible to permit configuration changes and the use of various types of failure
distributions

Perform a reliability prediction of the two candidate systems and a hypothetical
system

Develop an estimate of the mean active-repair times for the candidate systems and
determine the availability of the systems

This report preserts a backgrourd discussion and description of the candidate systems,
Failure Mode and Effect Analyses for the systems, the prediction model and the predictions
themselves, and a discussion of "be application of fluidic controls to the Rankine-cycle
engine. The conclusions and recommendations resulting from the study are also presented.



CHAPTER TW'O

BACKGROUND

The U.S. Army is currently conducting a technical evaluation of silent ground-power
systems. The Rankine-cycle engine is one of the candidate prime movers for such a system.
Two contracts to develop a Rankine-cycle engine generator set were awarded by the U.S
Army Mobility Equipment Research and Development Center (USAMERDC), Ft. Belvoir,
Virginia, to Fairchild Hiller Stratos Division, Bay Shore, New York, and Thermo Electron
Corporation, Waltham, Massachusetts.

The closed Rankine cycle for steam. or organic w.rking fluids involves the four
therniodynamic processes shown in the pressure-volume (PV) and temperature-entropy (TS)
diagrams of Figure 1.

Ideally, the working fluid undergoes an isothermal and isentropic pressure increase in
the feed pump, process 1-2; and a temperature increase in the boiler at constant pressure,
saturating, evaporating, and superheating the fluid, process 2-3., Process 1s-4 represents an
isentropic pressure decrease in the engine; and process 4-1 is the constant-pressure heat
transfer in the conder-ser, condensing the vapor back to a liquid to re-enter the feed pump.
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Figure 1. RANKINE CYCLE PV AND TS DIAGRAMS
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The organic Rankine-cycle systems have a potential problem area with the organic
fluids. If overheated, the fluids undergo thermal decomposition, rendering the system use-
less.

Figure 2 is a flow schematic for a basic Rankine-cycle engine generator set that uses an
organic fluid as the working substance. The numbers correspond to the processes in the
cycle. The regenerator is used to increase the efficiency of an organic Rankine cycle. The
energy of the -aperheated exhaust vapor is transferred internally in the cycle to the working
fluid after the fluid leaves the feed pump; this significantly reduces the energy required to
vaporize or superheat the fluid in the boiler.

tsoiier Regenerator Feed Expander/ Load
Liquid Side Pump

40

Regneator Sde

Fuel in VprSd

Figure 2. BASIC FLOW SCHEMATIC FOR ORGANiC
RAINKINE-CYCLE SYSTEM



CHAPTER THREE

RELIABILITY-PREDICTION MODEL

The term "reliability-prediction model" describes the block diagrams and equations that
depict and mathematically relate component reliabilities to overall system reliebility. The
development of a reliability-prediction model encompasses several tasks:

Definition of the system mission

Definition of system failure

Statement of assumptiors

Development of reliability block diagrams

Development of reliability-prediction equations

3.1 SYSTEM DEFINITIONS

The two manufacturers' systems are similar. The major difference that might affect
rehability is in the power output level of the generator sets, which affects, set size. The
following systen, descriptions show the deieerences between the manufacturers' designs.

3.1.1 Fairchild Hiller, Stratos Division System

Fairchild Hiller Stratos Division, herinafter called STRATGS, is designing a 1.5-kW
organic Rankine-cycle engine generator set rated at 28 Vdc. Th: set will be inaudible at 100
meters, will weigh approxnimately 150 pounds, and will measure approximately 2' X 2' x 2'.

Figure 3 is a flow schematic of the STRATOS generator set. The organic working fluid
is FC75. To protect against overheating or overpressurization, a thermal sensor is placed at
the fluid exit poiat on tne boiler to shut the system down. A pressure-burst dise is also
placed in ths flaid loop for additional protection of the system components in case the
thernal s,-nsor fails and the system becomes overpressurized to the point of catastrophic
line or component ruptur,..

The turbo alternator pump is the unique component in the STRATOS generator set. It
combines three components into one on a single rotating shaft. The two fluid-film journal
bearings and a thru.t bearing are lubricated by the working fluid., The unit is hermetically
sealed in the fluid loop, two fluid drains in the alternator case remove entrapped FC75.
UiquW FC75 flows in a coil around the alternator portion of the turbo alternator pump to
cool the wirdings. The power-conditioning circuits are mounted on a cooling plate for the
same purpese. This keeps all of the major power-producing elements at a constant
temperatue during system operation.
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The condenser fan and the fuel pump are driven by variable-speed motors. The motor
speeds are adjusted by thermal sensing circuits to maintain constant fluid-loop conditions.

The alternator speed is kept constant by a solenoid modulation valve in the fluid loop
just prior to the turbine inlet. The valve is controlled by a circuit that detects the output of
the alternator and sends a signal to the solenoid to vary the flow rate to the turbine. The
feed pump is a centrifugal noncavitating pump whose output is kept constant by the
alternator's fixed RPM.,

"1 ne fluid loop is hermetically sealed., It is therefore repairable only at the depot level.
Most support components in the systeras (see Chapter Two) are repairable at the
organizational levei of maintenance. The electrical and electronic circuits are currently
planned to be field- or depot-repairable.

3.1.2 Thermo Electron Corporation Syste.a

Thermo Electron Corporation, hereinafter called TECO, is designing a 3-kW, 120-Vac
Rankine-cycle generator set. It will be inaudible at 100 meters. weigh approximately 300
pounds, and measure approximately 2.5^ X 2.5' X 2.5'. Figure 4 is a functional schematic of
the TECO generator set.

CP34, an organic substance, is used as the working fluid. To protect against overpressure
or temperature, safety sensors are placed in the fluid loop. The boiler requires a buffer fluid
around the organic fluid because of the extreme temperatures. The buffer fluid transfers the
thermal energy to the working fluid. The flow energy of the vapor is converted to rotary
motion in a reciprocating two-cylinder engine that is coupled to the alternator. The vapor is
then exhausted through the regenerator to the condenser. A positive-displacement piston
feed pump is gear-driven off the engine; it is located upside-down to form the bottom of the
engine crankcase. The crankcase is filled with a silicone lubricant to !ubricate both the
engine and the feed pump. The silicone is miscible with the CP34; a fluid/lubricant separator
is thus necessary in the loop since the seals and rings in the engine and feed pump are not
100-percent leakproof.

When the system is not in usw, the working fluid and lubricant characteristically migrate
to the engine crankcase. A starting fluid reservoir is placed in the loop to drain the
accumulated fluid from the engine. This reservoir provides the fluid to the start pump,
preventing pump cavitation at system startup.

A motor-driven throttle valve is used to maintain constant engine speed, Alternator
output is sensed by a speed-control circuit, and a control signal is sent to the valve's driving
motor.

The fluNd loop is hermetically sealed, except for the shaft seal on the engine crankshaft
which must penetrate the crankcase to connect to the alternator, making it extremely
impractital for the user or field-sul-,)ort maintenance facilities to repair components in the
loop. Most of thl- -lectrical and electronic components, fuel- and air-supply components,
and condenser fan are planned to be field-repairable.

3.2 SYSTEM MISSIONS

The U.S. Army Mobility Equipment Research and Development Center h-- established
a goal of a 95-percent reliability for the generator sets. with a confidence level of 90
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percent, for a mission duration of 24 hours and an inherent availability of 98 percent.
ARINC Research Corporation used this requirement as a basis for developing two
representative missions.

3.2.1 Mission Profile

3.2.1.1 Mission I

The first mission is for the Ranxine-cycle generator set to start up in three minutes
(0.05 hour) and continuously deliver power for 24 hours without shutting down. It is
conr9ided to an external fuel tank, but this fuel source is not considered in the reliability
model.

3.2.!.2 Mission !1

The second mission involves cycling the generator set through startup and power
delivery four times in 100 hours. Two of the startups are hard starts, requiring six minutes
(0.1 hour) each; tlhe other two starts require the normal three minutes. The sets deliver
p wer continuously for 25 hours after each start.

3.2.2 Environmeazts

At the beginning of the project it was planned to incorporate the effects of temperature
and weather conditions as the environmental effects on the system. it became apparent,
however, that there was little operational information on mechanical and electromechanical
equipment that reflected these environmental factors. Data were available on several
operating applications for these equipments; the three of these which were used are
described below.

3.2.2.1 Portable Ground Environment

The generator set is in a portable condition, not rigidly mounted in a fixed, installation;
it can be moved from place to place in vehicles traveling cver unimproved roads and can be
loaded and unloaded manually.

3.2.2.2 Tracked-Vehicle Environment

The generator set is mounted on a tracked vehicle capable of traveling over open terrain..
The set is subject to severe shock and vibration in transport. The sets will normally be
operated while the vehicle is not moving, although operation is not restricted to times when
the vehicle is stationary.

3.2.2.3 Laboratory Environment (Hypothetical System With Idealized Characteristics)

The laboratory environment was used to meet. the contract requirement to develop a
prediction for a hypotheticL system with idealized characteristics. The laboratory
conditions are based on the assumption that the sets are functioning in an ideal environment
with skilled personnel performing the operational tests. It is believed that the data produced
under these conditions show the best achievable reliability for the prototype models and
indicate what can be expected from production units in the field that are superior in design
and reliability to the prototype generator sets.The system manufacturers currently believe
that the best method to achieve higher system reliability is to improve the design rather than
incorporate redundancy.

9



3.3 FAILURE DEFINITIONS

The loss of any critical component that prevents the generator system from meeting
100-percent power-o-atput capability results in system failure., A critical component is any
item or part whose failure would preclude successful operation of the system or create
safety hazards. Included in this category are the components required for starting the
system since without starting capability power output cannot be achieved.

Failure of any safety-shutdown circuit is a system failure. These circuits are fail-safe -
that is, the loss of onie of them will automatically shut down the system.

3.4 ASSUMPTIONS

After the syst Ams, the missions, ai.d failure were defined, the following major
assumptions were male to establish prediction-model limitations.'

Once the system has exceeded the infant-mortality period, the failure rate does not
change during the life of the system (exponential distribution).

All components must function properly at the prescribed time in the mission for
complete system success.

System safety-shutdown circuits are nat fail-safe.

Generator-set maintenance will not include any components in the fluid loop,
because the loop is hermetically sealed by the manufacturer or depot.

3.5 RELIABILITY BLOCK DIAGRAMS

A reliability block diagram is a pictorial chart of a system or subsystem that depicts the
interactions between the components of the .,stcm and the effects of a component failure
on the system.

Figure 5 iL the reliability block diagram for an organic Rankine-cycle engine generator
system composed of four functicnal groups or suibsystems.

Fluid-Loop Group - any component that comes into direct active contact with the
organic fluid

Power-Generation Group - the ccmponents and circuits that make up the
power-generation, -conditioning, and -rectifying segment of the generator sets
(excluding the alternator in the STRATOS system, which is included in the fluid-loop
group because it is hermetically sealed in the loop)

Electronic Control Circuits Group -- the circuits that contiol, regulate, and protect
the generator set, along with the electronic or electrical sensors providing the proper
input signals

Support-Components Group - components or items that do not directly fall into
the other three groups and provide a supporting service to the end mission of the
generatcr set

10



Power Electronic I Suppoit
Fluid Loop Generation Circuits Components

Figure 5 RELIABILITY BLOCK DIAGRAM, ORGANIC RANKINE-
CYCLE ENGINE GENERATOR SYSTEM

Figures 6 and 7 are the functional-group reliability block diagrams for the STRATOS
and TECO systems, respectively. A five-digit code is assigned to every block in the reliability
diagrams for identification in the computer mathematical model when failure distributions
are being inputted. Whenever a change is made in the diagram, it is necessary to add or
subtract a code depending on whether a component is added or removed.

3.6 RELIABILITY-PREDICTION EQUATION

The rehability-predictior equation expresses the mathematical relationships between
the system components in the reliability block diagram, showing how they are related to
overall system reliability.

The Rankine-system components have basically a direct series relationship. The
computer model calculates the reliabilities of all the component- individually. The failure
distribution of each component or circuit, the amount of accrued operating time on the
component, and whether or not the component is a redundant element in the overall model
are required for these calcilatiors. These data are inputted into the model with the
componenrs five-digit identification number (see Chapter Six).

The series model for either generator system composed of n elements can be simply
expressed as

n
Rs= I Ri(t) = R, - R, - R3 --"Rn

The equations for calculating the reliabihties from the four distributions used in this study
for any single component are as follows:

Exponential

Ri(t) - e-Xit

Normal

f 1 2o2

t

11
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It was necessary to use exponential data for the predictions. However, during prototype
testing and development testing, with the proper data-collection techniques ,nd sufficient
test time, it will be possible to develop the true failure distributions for each component.
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CHtAPTER FOUR

DATA COLLECTION

4.1 DEVELOPMENT OF EQUIPMENT FAILURE RATES

Since operationai data were not available for most of the components in the two
systems, it was necessary to research a number of failure-data sources to obtain data on
similar components. The primary sources are Government and contractor data banks, which
offer failure histories for a variety of mechanical, electrical, and electronic components. The
sources used for this study are listed in Appendix A.

To obtain appropriate component failure rates, all the available failure rates from the
data saurces used were listed and then screened for a best-fit average failure rate in a known
environmental cor.dition. The environmental conditions for the data ranged from the
laborat.ory to space vehicles. Tables 1 and 2 present component failure rates for the two
-Rankine-cycle generator systems. It is emphasized that all of the failure rates are
exponentially distributed,

It was asslmed that a portable generator set would not be subject to a single
er-ironment: therefore, three K factors were developed from the data sourcei. The fourth K
factor is not environmentally oriented bni simply idasts the failure rate li.-ted in the table
to that developed b. the manufacture. it us thus possible to show the manufacturers'
estimated reliability in comparison with the three environmental categories described in
Chapter Three. The K factors are as follows:

K, - Manufacturer Adjusting Factor

K2 - Portable-Ground-Environment Factor

K3 - T.ack-Vehicle-Mounted Factor

K4 - Laboratory (Hypothetical System) Factor

It is apparent from the tables that there are numerous adjusting K factors for each
environmental condition. The reason for this is that different data sources were us-'d and
there is no universai factor for all equipments. The failure rates of most equipments increase
as shock and vibration increase; thus a higher multirplying K factor is required for the
trrcked-vehicle environment to increase the average failure rate.

There are very few failurc data on mechanical equipments that show the effects of
extreme cold or heat on operating life. Temperature effects were therefore not considered in
the environmental conditions.

The delivery of the manufacturer's prototype system to USAMERDC for operational
testing is the ideal time to begin a data-collection program. There is very lztfle operational
information on organic Rankine-cycle systems; to perform a complete evaluation of tie

17/
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Table 2 ('OWPONIENT FAILURE DATA. TECO ENGINE GENERATOR S'ET

Croutp failures Ila"Block Co•,mporiet Name, h p K2 K3 Tource
Nutmber million
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generator sets, more accurate values of mean time between failures than provided in this
report should be obtained. It will be necessary to develop a data-collection and feedback
system that will provide the proper historical information for improving design, lowering the
cost of equipment repair, and reducing equipment downtime due to frequent failures.

4.2 DEVELOPMENT OF EQUIPMENT MAINTENANCE DATA

The information available for estimating component repair times is inadequate. Both
manufacturers are planning systems with hermetically sealed organic-fluid loops; this will
require that the generator set be transported back to a depot maintenance facility or the
manufacturer for repair of any component that involves breaking this seal. The long-range
development plans include making the systems repairable at the field maintenance facilities
by providing the necessary loop-purging and fluid-charging equipment at that level.

The only equipments intended to be repairable by the user or support-level maintenance
are system-support components and some of the power-generator components. The detailed
design informnation concerning these areas is still being formulated by the manufacturers and
is not yet adequate for developing realistic mean-time-to-repair (MTTR) values. However,
STRATOS furnished a list of estimated repair times for the support components. The
MTTR for organizational maintenance is 0.7 hour.

A detailed examination of system repairability should be made for each system,
considering the present repair-level capabilities of both the prototyp models and
anticipated production models. Repair times can be obtained at the same time prototype
testing is being performed, and recommended design improvements can be reflected in those
values.

With the proper data-collection and feedback program, the best reliability, maintaina-
bility, and availability figures can be obtained for the prototype designs and reasonably
accurate estimates made for final production models.

20



CHAPTER FIVE

FAILURE MODE AND EFFECT ANALYSIS

The Failure Mode and Effect Analysis (FMEA) is an integral part of the reliability
prediction. It is a systematic examination of all components of the system to identify their
functions and how they can fail and to determine the effects of each component failure on
the overall system- in relation to mission performance and personnel safety.

The identification of problem areas can lead to design changes that improve reliability
and maintainability or produce savings for the entire program. Based on FMEA results
program management can adjust the test and evaluation programs to provide maximum
assurance that the Probzbility of critical failures has been either eliminated or reduced to a
tolerable level.

In an FMEA, mathematical probabilities of occurrence are normally assigned to the
various failure modes. For this report, the FMEA is presented primarily to permit a better
understanding of the Rankine-cycle systems and the interaction of the components. No
attempt is made to assign failure-mode probabilities, because of the lack of historical data
on equipment of this type. and only the more prominent failure modes are listed. Since
there is no inherent redundancy in the system, most of the component failures have the
same ultimate effect on the system - loss of power output. Tables 3 and 4 are the FMEAs
for the organic Rankine-cycle engine generator sets of Fairchild Hiller Stratos Division and
Thermo Electron Corporation, respectively.

The following elements comprise the FMEA format used:
"Group Code Number - the numbers assigned to each component or circuit in the
reliability block diagrams in Section 3.3

Description of Component/Assembly - the nomenclature of the components or
circuits as specified by each manufacturer
Function - the general description of each FMEA component's functioning in the
system

*Failure Mode - the type of failure judged to have a probability of occurring during a
mission
Failure Cause - the most probable causes of the failure
Failure Effect - the effect of the failure on the system and the mission
Criticality - the severity of each failure mode and its related failure effect on a
discrete phase of the mission:

-Critical (C) - a failure that prevents the component from completing a discrete
.-hase of the mission or is judged hazardous to personnel
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Major (M) - a failure that significantly degrades the performance of the
component or delays its function such that it may not complete a discrete phase
of the mission

Minor (m) - a failure that does not have a significant effect on the ability of the
component to complete the discrete phase of the mission, but should be
repaired eventually

Action Taken/Avoidance Technique - the action to be taken by the user to return
the set to operational condition; or the technique that can be used during
manufacture to eliminate, or minimize the effect of, the failure mode or to make the
set easier to repair in the field
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CHAPTER SIX

COMPUTER PROGRAM

The computer program was developed on a time-sharing system with basic FORTRAN•
used as the language. This made the program suitable for use on USAMERDC's COMSHARE
time-sharing system with their preferred XTRAN language.

The program, described and illustrated in Appendix B, is designed to assess the
reliability of a simple series system.. It can assess individual component redundancy when
the appropriate inputs are provided for the redundant elements. Four reliability or failure
distributions can be manipulated in the program, the exponential, normal, lognormal, and
probability distributions. It is not necessary for all components to have the same
distribution, but one component cannot have two failure distributions at one time. The four
individual K factors can be applied to the single component failure rate to account for
different system environments.

Appendix B also presents detailed instructions for exercising the program on a
time-sharing computer terminal.
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CHAPTER SEVEN

RELIABILITY AND AVAILABILITY PREDICTIONS

7.1 RELIABILITY PREDICTIONS

Reliability-prediction models were developed to represent the organic Rankine-cycle
engine generator sets of Fairchild Hiller/Stratos Division and Ther-no Electron Corporation.
From these models, a computer program was derived; it yielded quantitative reliability
predictions for the two systems.

Table 5 shows the specific results of the computer program for the two manufacturers'
generator sets, operating for the two specified missions in the three environments.

Table 5. RA.NKINE-SYSTIEM PREDICTED RELIABILITY

K Mission i Mission 2
Factor STRATOS TECO STRATOS TECO

Manufactur'er 0.9882 0.9941 0.9516 0.9757

Portable 0.9703 0.9766 0.8819 0.9061

Track Vehicle , 0.8752 I 08990 0.5736 0.6415

Laboratory 1 0.9950 0.9948 0.9794 0.9787

It can be seen that the more severe the environment, the lower the probability that the
generator set will achieve the stated mission. The manufacturers' estimates for their own
system reliability are also included for comparison purposes. An examination of their data
and the final results indicates that they assumed a fixed ground installation rather than one
in which the Rankine system would be portable.

There is little significant difference in the system predicted reliabilities for either
manufacturer for dny given environment and mission. Operational analysis and accumulated
failure data may y:,!d different empirical results.
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7.2 AVAILABILITY PREDICTION

Tht- goal is to achieve a system inherent availability of 98 percent for each of the
Rankine-cycle generator sets. Inherent availability is based on active operating and repair
time and is the probability that the system will operate satisfactorily when called upon.

Mathematically, it can be defined as

MTBF
Ai = MTBF + MTTR

where

Al = Inherert availability

MTBF = Mean time between failures (hours)

MTTR = Mean time to repair (hours)

Since a large portion of the organic Rankine-cycle generator set will not be repairable at the
organizational level of maintenance, the estimate of the steady-state inherent availability is
calculated as follows:

MTBF (repairable components)
A(t) = X Rt (nonrepairable components)

MTBF + MTTR (repairable components)

Table 6 shows the results of the availability predictions for the portable ground
environment (K,) for the 24 hour mission only, The maintainability information needed to
derive the inherent availability was not available at the time this report was prepared, except
for the STRATOS MTTR estimate o! 0.7 hour; the maximum specified downtime of three
hours was therefore used to compare the impact of repair on both systems' availability,

Table 6. ESTIMATED STEADY-STATE
INHERENT AVAILABILITY

L STRATOS 
TECO

Source MTTR A(t) MTTR At)
(Hours) j (Hours)

Manufacturer 0.7 i 0.9171 -

Contract - j I
Goal j 3.0 _ 0.9709 3.0 0.9783

Because of the large number of nonrepairable components and the high MTBF for the
repairable components, the availability prediction diff, rs only slightly from the reliability
prediction.
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CHAFTER EIGHT

FLUIDIC-CONTROL APPLICATION

In the present concept the organic Rankine-cycle engine generator sets will be
controlled with electronic circuits. Since electronic circuits can fail catastrophically, another
method of system control is being investigated - the use of fluidic components that are
powered by the organic fluid's vapor pressure. TI. . investigation to date has considered only
the electronic circuits proposed by the two manufacturers.

The critical question is whether fluidic circuits can completely take the place of
electronic circuits in the generator set. It is possible, but it is also believed that complete
flu.dic control is not practical. Fluidic circuits cannot compete with electronics in response
time. Electronic responses are in microseconds and fluidics in milliseconds. Fluidic circuits
are also usually larger than their electronic counterparts.

Yet fluidics has some advantages over electronics in tha. the controls can be
hermetically sealed in the fluid loop. Contamination would be minimized, and there would
be no dust or atmospheric corrosion to affect relay contacts, open leads, or solder joints.
There are few moving parts in a fluidic circuit, as there are in electronic relays or stepping
switches. Vibration is not a problem since the fluidic circuits are stacked and then
fusion-bonded, forming an extremely rugged device.

In the organic Rankine-cycle generator sets, the best areas for the fluidic circuits are
those in which pressure, temperature, or speed is being sensed and being converted to
motion to regulate flow. The circuits in the system that detect flu~d pressure and convert it
to an output signal to control the condenser-motor, fuel-pump, and blower-motor -peeds are
best left as electronic circuits. These are electrical-signal input and output circuits;' present
fluidic circuits are not as compact, and their response time is slower.

The reliability of fluidic circuits is still in the very early prediction stage.. Very little
operational information has been accumulated on the circuits because of their still-limited
use. It is known that leaks and contamination, are the most prevalent failure modes, ane IL is
believed that fusion-bonding the fluidic circuit and hermetically sealing the unit int• the
Rankine fluid loop would virtually eliminate these failure modes.

With the organic Rankine-cycle generator sets in the development stage, it may be
premature to consider fluidic circuits. Each engine manufacturer is still making design
changes, fiuid-loop conditions are being revised, and the exact method of system control is
still unknown in some instances. The design and fabrication of a fluidic circuit in itself is a
complex effort because of the many unknowns and the lack of off-the-shelf standaidized
components
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The feasibility of fluidic circuits should definitely be investigated and tentative designsestablished for the use of fluidic controls on the generator sets. The actual incorporation ofpartial fluidic controls should take place only when the organic Rankine-cycle generator setsfunction properly and demonstrate their practicality for use as field mobile power sources.
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this program was to provide USAMERDC with a quantitative
appraisal of the predicted reliability of two organic Rankine-cycle engine generator systems.
The tasks performed to meet this objective led to the following conclusions-'

The two manufacturers are constructing generator sets under different power
requirements. Care should be exercised in making comparisons. The predictive results
show little significant difference between the reliabilities of STRATO3's or TECO's
Rankine systems.

The electronic control circuits had extremely high failure rates and contributed
heavily to system unreliability. TECO is still designing its control circuits; therefore,
the STRATOS failure rates were used for the yet undesigned circuits. In this way, the
impact is the same on both manufacturers. When TECO completes its design, the
TECO model can be modified.

The failure rates used in this project are estimates based on historical data from
similar equipment. Until firm system failure data are developed, the results should
not be considered empirical.

The hermetically sealed fluid loops cause the major portion of the generator sets to
be nonfield-repairable. This contributes heavily to system unavailability.

ARINC Research Corporation recommends the following courses of action based on the
results of the analysis:

* Implement a data-collection and feedback procedure for MERDC and the manufac-
turer's testing program of the organic Rankine-cycle engine generator set.

Perform a detailed design analysis of the Rankine systems to determine ite best areas
for design improvement, redundancy of components, and repairability to improve
reliability, maintainability, and availability.

* Begin developing a life-cycle cost program to evaluate the proposed designs for
portable field generator sets against those now in use. The evaluations should
consider as a minimum initial production and procurement costs, operational costs,
and the effects of repairability, logistics, reliability, and maintainability.
Make a critical evaluation of fluidic circuits versus modular-replac3ment electronic

circuits for the Rankine generator sets. The present estimates of control-circuit
reliability may make fluidic circuits a wise choice.
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APPENDIX A

SOURCES OF FAILURE-RATE DATA

APOLLO Reliability Prediction, Estimation, and Evaluation Guidelines, National
Aeronautics and Space Administration, December 1963.

RADC-TR-114, Volumes I, II, and II, Data Collection for Nonelectronic Reliability
Handbook, Rome Air Development Center, Air Force Systems Command, Griffiss Air Force
Base, New York, June 1968.

Failure Information Notebook, Special Technical Report No. 32, ARINC Research
Corporation, December 31, 1965.

Mechanical Design and System Handbook, Harold A. Rothbart, McGraw-Hill Book
Company, New York, 1964.

MIL-HDBK-217A, Reliability Stre-s and Failure Rate Data for Electronic Equipment,
Department of Defense, 1 December 1965.

Army, Navy, Air Force and NASA FARADA Failure Rate Data Program, Volumes 1, 2,
3, and 4, Naval Fleet Missile Systems Analysis and Evaluations Group, Corona, California.
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APPENDIX B

COMPUTER PROGRAM FLOW CHART AND INSTRUCTIONS FOR USE

FLOW CHART

The flow chart for the computer program is presented in Figure B-1.•

INSTRUCTIONS FOR USE ON TIME-SHARING COMPUTER TERMINAL

The steps described herein must be strictly adhered to for the program to functon
properly.

When a link with the time-sharing system is established, the first symbol seen after
"RUN" is typed is an equal(=) sign., After the equal sign, type the number of components
(N) in the system and the number of cycles of operation (M) (ten maximum). Each of these
variables is allocated two places, and the datz must be right-justified.

A second equal sign will then appear, and the M sets of times of operation must be
typed. Each set consists of two times, a startup time and a run time, in units of hours. Each
time is allocated five places; it must be typed with a decimal place and in such a way tibat
none of the five-digit fields overlap.

The third and last equal sign will appear, and the K-factor codes (1 to 4) must then be
punched for the M cycles of operation. These factors are used to adjust the failure rate and
mean values. There must be K factors for both startup and run; each K factor is punched in
an 12 format This ends the data entry at the keyboard at the time of execution.

The failure rates, means, accrued operating time, and K factors are stored as file and
called "XRDATA" for FairchildiStratos and "YRDATA" for Thermo Electron., Before
running the progrim (XMODEL), it is necessary to type the following line if the data file for
Fairchild/Stratos is to be used: 90 READ ("XRDATA", 4) (ISP(l, 1), ISP(I, 2) IDST(I),
(VAR(I, 4 J = 1, 7), I = 1, N),

The term XRDATA must be changed to YRDATA if the Thenno Electron data file is
used.

When the data are prepunched, the following format is used, where one line represents
one component:

Columns 1-5 contain a line number code. This is not used. by the model program but
is used to edit and update data entries.
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Column 8 contains a "1" if the component is in series and a "2" if it is in parallel.

"Column 11 contains a "1" if the component is used in startup only, a "2" if it is used
during run only, and a "3" if it is used for both phases.

Column 14 contains the distribution codes:

1 = exponential
2 = normal
3 = lognormal
4 = probability of success

"Columns 15-21 contain the exponeniial failure rate X 106, or the mean. time to
failure (normal or lognormal), or the probability of the component's success.

* Colunms 22-28 contain the standard doviation (normal or lognormal) or are set to 0.

"Columns 29-35 contairn the time the component has already operated if normal or
lognormal is used or are otherwise set to 0.

"Columns 36-42 contain K factor number 1.

* Columns 43-43) contain K factor number 2.

Columns 50-56 contain K factor number 3.

Columns 57-63 contain K factor number 4.

Note 1.' The last seven fields must be punched with a decimal point, and no fields may
over!ap.

Note 2: The values associated with iograurmally distributed variables must be in terms of
natural logarithms.

The prediction program iE shown in Figure B-2.
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Figure B-2. PREDICIION PROGRAM


